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Outbreaks of dengue due to dengue virus type 1 (DENV-1) occurred almost simultaneously in 2001 in Myanmar and at multiple sites
almost 10,000 km away in the Pacific. Phylogenetic analyses of the E protein genes of DENV-1 strains recovered from Asia and the Pacific
revealed three major viral genotypes (I, II, and III) with distinct clades within each. The majority of strains from the Pacific and Myanmar,
and a number of other Asian strains fell into genotype I. Genotype II comprised a smaller set of Asian and Pacific strains, while genotype III
contained viruses from diverse geographical localities. These analyses suggested that the continuing outbreak of dengue in the Pacific has
been due to multiple, direct, introductions of dengue viruses from a variety of locations in Asia followed by local transmission. There was no
evidence that the introduction of these viruses into the Pacific was associated with any adaptive changes in the E protein of the viruses.
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Dengue is a disease of humans caused by four serotypes
of a Flavivirus of the same name. Infection may be
asymptomatic or it may result in symptoms varying in
severity from a mild binfluenza-likeQ illness to hemorrhagic
fever (DHF) and hypovolemic shock (DSS), which, if
untreated, may be fatal (World Health Organisation, 1997).
The virus is transmitted most commonly by mosquitoes of
the Aedes genus (Rodhain and Rosen, 1997). It has been04) 505–512
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annually, principally in countries between the Tropics of
Cancer and Capricorn, and the disease burden in regions
such as southeast Asia may be as high as 900 disability
adjusted life years/million residents/year (Gubler and Melt-
zer, 1999). The lack of proof-reading mechanisms in RNA
polymerases (Steinhauer et al., 1992) is believed to give rise
to diverse dengue (DENV) virus populations, even within
individual hosts (Craig et al., 2003), and so provide a ready
source of viruses which may occupy new ecological niches
or out-compete less fit virus populations (Domingo and
Holland, 1997).
Because of gaps in the virological record, it often has
been difficult to assess the relative contributions of local (in
situ) evolution and the introduction of new strains of virus
to changes in virus genotype and phenotype at any given
locality. For example, the appearance of bAsianQ genotypes
of dengue 2 virus (DENV-2) in Latin America, which were
associated with the re-appearance of DHF in that region
(Rico-Hesse et al., 1997), was most likely due to
introductions of these new genotypes from an unknown
Asian locality and at an unknown time and place. Similarly,
strains of dengue 3 virus (DENV-3) introduced into south
America in 1994 appeared to have arisen from strains
previously circulating in Sri Lanka and India (Messer et al.,
2003), although the time and place of this re-introduction
again is unknown. In contrast, there have been significant,
and rapid, changes in the genetic structure of dengue viruses
in single localities, typified by lineage replacement on
phylogenetic trees (Bennett et al., 2003; Sittisombut et al.,
1997; Wittke et al., 2002). As these lineage turnover events
cannot be associated with the introduction of new strains of
virus, they are more compatible with large-scale population
bottlenecks.
A large outbreak of dengue in Myanmar in 2001 (Thu et
al., 2004), where the disease is endemic and all four virus
serotypes co-circulate (Thein et al., 1997), was due almost
entirely to dengue virus type 1 (DENV-1). More specifi-
cally, this outbreak was associated with the extinction of an
old strain of this virus and the appearance of two new strains
that appeared to have evolved locally. At almost the same
time, an outbreak of dengue due to DENV-1 began in the
Pacific and has continued until the present time (Lepers,
2003). Dengue is not believed to be endemic in the Pacific
region (Kiedrzynski et al., 1998) and so any outbreak is
likely to be due to the importation of the virus. In the current
study, we have compared nucleotide sequences of the E
protein genes of DENV-1 viruses recovered from, China,
Vietnam, Cambodia, Thailand, Malaysia, Singapore and
Timor with those of viruses from Myanmar and the Pacific
to determine whether there was any link between these two,
almost concurrent, outbreaks due to DENV-1 viruses at
localities approximately 10,000 km apart. We also explored
the global genetic diversity of DENV-1 and in doing so,
undertook the largest molecular epidemiological analysis
reported for this virus to date.Results
The nucleotide sequences of the envelope (E) protein
genes of 118 DENV-1 from a variety of geographic regions
in Asia and Oceania were determined. In a preliminary
analysis, the sequences of the E genes of these 118 viruses
were combined with 59 E gene sequences available from
GenBank, producing a total data set of 177 sequences, each
of 1485 nucleotides. The sequences clustered in three large
groups which, according to the convention in other dengue
serotypes, might be considered as distinct genotypes of the
virus (data not shown). For simplicity, we have termed these
genotypes I, II, and III. Within each of these major
genotypes, distinct sub-groupings of viruses (that is, clades
on a phylogenetic tree), could also be identified, some
reflecting local geographical clustering. Because of the
difficulties in presenting a tree of this magnitude, a second
phylogenetic analysis was performed on a sample of 100 E
gene sequences covering the full range of DENV-1 genetic
diversity observed in the original tree (Fig. 1; Table 1). (A
copy of the full tree is available from the corresponding
author). As before, the three distinct genotypes of DENV-1
could be identified. Most of the DENV-1 strains from
Myanmar and Thailand fell into genotype I, as did viruses
from other regions in Asia (Cambodia, China, Malaysia,
Singapore and Vietnam) and the Pacific (Fiji, New
Caledonia). Interestingly, this genotype also contained a
virus from Africa (D1.Djibouti/98). In contrast, genotype II
contained viruses from a larger number of localities in the
Pacific (Australia, New Caledonia, Solomon Islands, Tahiti,
Timor, Western Samoa), along with a minority of the Asian
strains (Malaysia, Indonesia, Philippines, Singapore).
Finally, two of the recently sampled Myanmar DENV-1
viruses, isolated in 1996 and 1998, along with a Myanmar
strain sampled in 1976 (Myanmar.PRS 228686/76), fell into
genotype III which has a more cosmopolitan geographical
structure, harboring strains sampled throughout the tropical
world, most notably the Americas and parts of Africa. That
the three Myanmar genotype III strains clustered together
strongly suggested that this genotype had evolved in situ in
Myanmar for at least 22 years. Finally, our DENV-1
phylogenetic tree also contained three strains of virus that
did not fall into any of the three larger genotypes, and which
were located toward the root of the tree, compatible with
their sampling age (D1.Hawaii/45, Sabin, 1952; D1.Japan.-
Mochizuki/43, Hotta, 1951; D1.Thailand.2543/63).
There were striking differences between the phylogenetic
relationships of viruses sampled from Thailand and Malay-
sia. The DENV-1 viruses collected from six widely separated
localities in Thailand between 2000 and 2003 were all
closely related within genotype I, even though the relative
proportions of DENV-1, -2, -3, and -4 viruses recovered
from patients at each locality varied significantly from year
to year and from locality to locality (Fig. 2a; Table 2). There
also was a striking lack of spatial structure in the tree of the
DENV-1 Thai strains, with very few phylogenetic groupings
Fig. 1. Maximum likelihood phylogenetic tree of E protein genes from 100 DENV-1 strains sampled globally. Bootstrap values (N95%) are shown for key
nodes. The tree is mid-point rooted for purposes of clarity only and all horizontal branch lengths are drawn to scale. The same clustering into genotypes was
observed if the tree was rooted using DENV-3 sequences as outgroups. The major genotypes of DENV-1 are labeled.
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regions suggesting a rapid spatial dispersal of viruses. In
contrast, the nucleotide sequences of the E genes of DENV-1
viruses recovered from patients in Kuala Lumpur, Malaysia,
over the same period segregated into two genotypes (I and II;
Fig. 2b) and also into a variety of smaller clades, supported
by high numbers of bootstrap replications. A similar, but lessdiverse, division of strains among genotypes from a single
locality was observed in the viruses sampled from Myanmar
(Fig. 1). Two contemporary Myanmar lineages fell in
genotype I, while a lineage of viruses sampled from 1976
to 1998 was located in genotype III.
As noted above, the viruses recovered from the Pacific
were not an homogeneous population and fell into two (I and
Table 1





D1.Angola.RIO H 36589/88 1988 AF425610 D1.Mexico.1298/TVP 951/80 1980 AF425623
D1.Argentina.297/00 2000 AF514889 D1.Japan.Mochizuki/43 1943 AB074760
D1.Aruba.495-1/85 1985 AF425609 D1.Myanmar.23819/96 1996 AY589692
D1.Australia.HAT17/83 1983 AF425612 D1.Myanmar.32514/98 1998 AY600860
D1.Australia.HCS1/83 1983 AF425611 D1.Myanmar.PRS 228686/76 1976 AF425615
D1.Brazil/90 1990 AF226685 D1.Nigeria.IBH 28328/68 1968 AF425625
D1.Brazil.111/97 1997 AF311956 D1.Paraguay.259/00 2000 AF514883
D1.Brazil.BE AR 404147/82 1982 AF425613 D1.Peru.DEI 0151/91 1991 AF425626
D1.Cambodia.61-1NIID/01 2001 AB111071 D1.Philippines.PRS 228682/74 1974 AF425627
D1.Cambodia/Thailand.42-1NIID/01 2001 AB111069 D1.Philippines.13-1NIID/02 2002 AB111074
D1.Colombia.INS 347869/85 1985 AF425616 D1.Singapore.S275/90 1990 M87512
D1.Colombia.INS 371869/96 1996 AB111079 D1.Tahiti.44-1NIID/01 2001 AB111070
D1.Costa Rica/93 1993 AY153755 D1.Taiwan.765101/87 1987 AF425628
D1.Cote D’Ivoire:Abidjan/98 1998 AF298807 D1.Thailand.2543/63 1963 AF425629
D1.Cote D’Ivoire:Dakar.A-1520/85 1985 AF425620 D1.Thailand.23-1NIID/02 2002 AB111079
D1.Djibouti/98 1998 AF298808 D1.Thailand.33-1NIID/02 2002 AB111077
D1.French Guiana/89 1989 AF226687 D1.Thailand.PUO 359/80 1980 AF425630
D1.China.Guangzhou/80 1980 AF350498 D1.Thailand/India.15-1NIID/01 2001 AB111066
D1.Hawaii/45 1945 AF425619 D1.Trinidad.CAREC 780572/78 1978 AF425631
D1.Indonesia.A88 1988 AB074761 D1.Venezuela.150172/95 1995 AF425633
D1.Indonesia.17-1NIID/02 2002 AB111075 D1.Venezuela.6222/95 1995 AF425632
D1.Indonesia.07-1NIID/02 2002 AB111073 D1.Venezuela.28164/97 1997 AF425634
D1.Jamaica.PRS 288690/77 1977 AF425621
A. A-Nuegoonpipat et al. / Virology 329 (2004) 505–512508II) of the three genotypes of DENV-I. This indicated that
there had been at least two recent introductions of DENV-1
into the Pacific. Other evidence of multiple introductions of
DENV-1 into the Pacific also was apparent. In particular,Fig. 2. Maximum likelihood phylogenetic trees of E protein genes from DENV-1 s
rooted for purposes of clarity only and all horizontal branch lengths are drawn towithin genotype I, those viruses sampled from New
Caledonia were found at a variety of phylogenetic locations,
revealing the multiple entry of DENV-1 to this island. Of
particular note was the virus recovered from a patient intrains sampled from (a) Thailand and (b) Malaysia. Both trees are mid-point
scale. Nodes with N95% bootstrap support are highlighted.
Table 2
Number of dengue viruses of each serotype isolated at the sites in Thailand




DENV 1 DENV 2 DENV 3 DENV 4
2000 Lampang
(north)




7 6 0 1
Pathum Thani
(central)
5 4 1 0
Chareon Krung
(Bangkok)
10 13 1 0
Ratchaburi
(central)
129 21 151 10
Hadyai
(south)
30 4 4 0
2001 Lampang
(north)




92 97 26 11
Pathum Thani
(central)
70 88 18 13
Chareon Krung
(Bangkok)
72 36 11 3
Ratchaburi
(central)
107 54 115 23
Hadyai (south) 254 5 38 16
2002 Lampang
(north)




214 157 58 11
Pathum Thani
(central)
26 12 10 3
Chareon Krung
(Bangkok)
40 20 5 3
Ratchaburi
(central)
26 156 15 17
Hadyai (south) 51 30 20 29
a Numbers in bold indicate the most frequently isolated serotype(s) at that
locality for the year shown.
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virus was recovered from the index outbreak for the
continuing dengue outbreak in the Pacific. In our analysis,
this virus fell into genotype II and was most closely related to
isolates from the Philippines and Western Samoa (D1.West-
ern Samoa.IP769/01) and distinct from all the other recent
Pacific isolates (Fig. 1). Also of note was the DENV-1 virus
sampled from the Solomon Islands (D1.Solomlslands.IP119/
02), which also fell into genotype II. This virus was most
closely related to a virus (D1.Australia.NQL03/02) recov-
ered in northern Australia in 2002 and then, more distantly,
to a virus from Indonesia recovered in 1988 (strain
D1.Indonesia.A88/88) and hence also distinct from the
majority of the recent DENV-1 isolates from the Pacific.
Finally, the nucleotide sequence closest to those of a distinct
clade of DENV-1 from New Caledonia and Tahiti in
genotype II (D1.NewCaledonia.401/02, D1.NewCaledo-nia.7246/03 and D1.Tahiti/01) was that from a virus isolated
in Malaysia in 2001 (D1.Malaysia.c/01). In contrast, some
other Pacific region DENV-1 viruses from genotype II fell
into a number of distinct clades representing particular
geographic localities (from Australia, Indonesia, and Timor),
and often with strong bootstrap support. Finally, to test the
theory of multiple introductions of DENV-1 into the Pacific
region further, we compared the likelihoods of two compet-
ing phylogenies; the maximum likelihood or bmultiple
introductionQ tree presented in Fig. 1, and a model topology
in which all the Pacific viruses clustered together, as if there
had been a bsingle introductionQ of DENV-1 into this region
(tree available from the authors on request). Using a
Shimodaira-Hasegawa SH test (Shimodaira and Hasegawa,
1999) to compare trees (as implemented in the PAUP*
package), we found that the multiple introduction phylogeny
was highly significantly favored over the single introduction
phylogeny (likelihood difference = 1178.740, P = 0.000).
To determine whether there were any selective differences
among the viruses analyzed in this study, we compared the
ratio of non-synonymous (dN) to synonymous (dS) sub-
stitutions among different codons and along lineages (with
dN/dS N 1 indicative of positive selection). There was no
evidence of significant positive selection under this method,
although the adaptive evolution of individual amino changes
cannot be excluded. Hence, a neutral model of site-specific
codon evolution (M7) could not be rejected by a positive
selection model (M8; P = 0.714), nor could a model in which
dN/dS allowed to vary on a lineage-specific basis (FR) reject
a simpler model (M0) in which dN/dS was the same across
the entire DENV-1 tree (P = 1). Finally, the mean dN/dS in
these DENV-1 data was 0.0815, indicating that DENV-1 is
subject to relatively strong purifying selection, as observed
in previous studies of dengue virus evolution (reviewed in
Holmes and Twiddy, 2003).Discussion
The results of this study suggested that the dengue
outbreak which began in the Pacific in 2000 was caused by
multiple introductions of DENV-1 from several different
Asian localities (Palau, Western Samoa—Philippines; New
Caledonia, Fiji—Myanmar/Thailand; New Caledonia,
Tahiti—Malaysia; New Caledonia—Cambodia). Approxi-
mately 2500 individuals from Oceania visit Thailand each
year (www2.tat.or.th/stat/) from where some of the Pacific
viruses appeared to have originated, providing a ready
source of human hosts to transport dengue viruses back to
their country of origin.
It is remarkable that only DENV-1 viruses have entered
detectable cycles of transmission in the Pacific between
2000 and 2003, yet the countries from which they appeared
to have originated had all four serotypes circulating. Hence,
it is likely that other dengue serotypes have been introduced
to the Pacific but have not entered sustained cycles of
A. A-Nuegoonpipat et al. / Virology 329 (2004) 505–512510transmission. This may reflect a level of cross-protective
immunity in Pacific communities arising from the circu-
lation of other DENV serotypes in that region in the
previous decade (Kiedrzynski et al., 1998).
There were striking differences between the phylogenetic
structures of the three major DENV-1 genotypes (I, II, and
III). These differences provided valuable information regard-
ing the evolutionary forces shaping genetic diversity in this
virus. The cosmopolitan genotype III was comprised of three
smaller clades; one Asiatic, one African and one (largely)
Latin American, and all with strong bootstrap support (Fig.
1). However, because of a lack of phylogenetic resolution at
the base of the genotype III tree, it was impossible to
determine which of these three groups was the first to emerge
and hence which geographical locality was the first to harbor
this genotype of DENV-1. However, the tight clustering of
many of Latin American viruses suggested that they were
imported to Latin America from Asia relatively recently, as
has been observed for DENV-2 (Rico-Hesse et al., 1997) and
DENV-3 (Uzcategui et al., 2003). The genotype I viruses
were composed of two clades (excluding the archaic
(D1.Hawaii/45 and D1.Japan.Mochizuki/43,), again with
strong bootstrap support. The smaller clade contained Asian
viruses as well as a single strain from Africa (D1.Djibouti/
98), while the larger clade contained viruses from both Asia
and Oceania. Particularly noteworthy were the very short
branch lengths connecting many of the viruses within this
latter clade. This suggested that there has been a rapid
dissemination of viruses, with little separation between
viruses from different geographical regions as the virus
spread rapidly through populations; that is, strains of virus
were mixed regardless of location. Avery different phylogeo-
graphic pattern was observed in genotype II viruses, although
these also were found in Asia and Oceania. In this case, a
larger number of distinct clades were observed (namely,
phylogenetic clusters supported by high bootstrap values),
often corresponding to viruses sampled from specific geo-
graphical regions. For example, the majority of the viruses
sampled from Australia, Indonesia, and Timor fell into
geographically defined phylogenetic groups. Such a tree
structure supports a model in which these viruses have been
isolated for sufficient time, perhaps due to geographical
barriers, for distinct genetic differences to have accumulated
among them. It is more difficult to explain why DENV-1
viruses from multiple sites in Thailand should have been so
similar, while those from a single locality in the neighboring
country (Malaysia) were so diverse.
Other questions posed by these results include why a
strain of DENV-1 should be associated with a major
outbreak in one country (Myanmar) while the same, or a
very similar, strain of virus should have little effect in an
area (Thailand) only a few hundred kilometers away?
Similarly, within Thailand, there was no phylogenetic
distinction between the DENV-1 strains sampled from
different localities, indicating that there were few barriers
to gene flow at this level, although the dominant/mostfrequently isolated serotypes at each of these localities
varied considerably (Table 2). Although it is possible that
strains of DENV-1 differ in epidemic potential, or in their
interactions with local mosquito strains (Garcia-Franco et
al., 2002) which might lead to subtle differences in
population dynamics, there was no evidence using the
analytical methods employed here that such differences had
been fixed by natural selection in the E gene. However,
there may be important differences between these viruses in
regions other than the E gene that might enable them to
infect mosquitoes or humans at lower multiplicities of
infection or to replicate to higher titres. In particular, there
are reports of changes in both the non-structural genes
(Twiddy et al., 2002) and untranslated regions (Cahour et
al., 1995; Durbin et al., 2001,) of genomes of other dengue
viruses serotypes that have seemingly been fixed because of
their fitness benefit. Several studies are in progress in an
attempt to explain why these seemingly genetically similar
viruses are associated with different patterns of disease.
This study has highlighted the role of molecular
epidemiology, particularly phylogenetic analysis, in inter-
preting patterns of dengue virus transmission. In particular,
it has demonstrated that the recent DENV-1 outbreak in the
Pacific did not spread from an index outbreak in Palau in
2000 as had been assumed and it has provided a clear and
contemporary link between dengue viruses in Asia and
those responsible for recent outbreaks at sites almost 10,000
km away in the Pacific. Furthermore, it demonstrated that
no adaptive changes were required, in the E protein at least,
for these introductions to occur.Materials and methods
Viruses
Viruses were isolated from serum from dengue patients
in cultures of either C6–36 Aedes albopictus cells (Thu et
al., 2004) or AP61 Aedes pseudoscutellaris cells (Reynes et
al., 1994). The viruses were passaged in C6–36 cells
immediately prior to sequencing. None of the viruses had
been passaged more than three times in these cells and most
were studied after first or second passage. Viruses have been
identified using a nomenclature of serotype.country.strain.-
year of isolation.
Reverse transcription-polymerase chain reaction (RT-PCR)
RNA was extracted from the supernate of cultures of
infected C6–36 cells using a commercial kit (Qiagen,
Australia) according to the manufacturer’s instructions.
cDNA was generated from the RNA by first heating a
mixture of random hexamer primers (1 nmol, Boehringer,
Germany) and RNA for 10 min at 72 8C and then cooling it
on ice. Reverse transcription was carried out at 55 8C for 10
min followed by 45 8C for 60 min and employed Expand
Table 3
Oligonucleotide primers used for PCR and sequencing
Primer name Sequence 5V-3V Positiona Role
D1-764F CAAATACAAAAAGTGGAGACCTGGGC 791–816 PCR/Sequencing
D1-843F GCACATGCCATAGGAACATCC 857–877 Sequencing
D1-1133F ACACAAGGAGAAGCCACGCTGGTGG 1160–1184 Sequencing
D1-1573F CGGGGGCTTCAACATCCCAAGAGAC 1599–1623 Sequencing
D1-1742R AATTGTTGTCGTTCCAGACGTTTGG 1744–1768 Sequencing
D1-2275R CTTCATGGTCCAAGAAACACC 2282–2302 Sequencing
D1-2467R GACTTCATTGGTGACAAAAATGCCGC 2469–2494 PCR/Sequencing
a Numbering from Ishak et al. (2001) for D1.Japan.Mochizuki/43.
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by PCR using oligonucleotide primers composed of nucleo-
tide sequences in the pre-Membrane (prM) and non-structural
protein 1 (NS1) genes of DENV-1 virus (Table 3) and Expand
DNA polymerase (Roche). After an initial denaturation at 92
8C for 2 min, cycling conditions of 92 8C for 40 s, 56 8C for
40 s and 68 8C for up to 2 min were employed. cDNA for
sequencing was obtained by excising the band of interest
after electrophoresis of the PCR product in 1.5% w/v
agarose/Tris acetate EDTA gels and purifying it using a
commercial kit (High Pure Gel Extraction Kit, Roche,
Germany) according to the manufacturer’s instructions.
Nucleotide sequencing and phylogenetic analysis
Approximately 100 ng of cDNA was sequenced using 5
pmol oligonucleotide primer and the ABI PRISM Dye
Terminator Cycle Sequencing Ready Reaction Kit (Perkin
Elmer) according to the manufacturer’s instructions. The
product was purified using Dye-EX Spin Columns (Qiagen)
and analyzed at the Australian Genome Research Facility on
a 3730XL Nucleotide Sequencer (Applied Biosystems).
A total of 177 DENV-1 E gene sequences (1485 bp in
length) comprising 118 newly sequenced strains and 59
collected from GenBank were used in the initial phyloge-
netic analysis. Separate phylogenetic analyses also were
performed on the viruses collected from Malaysia (17
sequences), and Thailand (34 sequences). In all cases,
maximum likelihood (ML) phylogenetic trees were esti-
mated using the GTR+g+I model of nucleotide substitution,
with the GTR substitution matrix, the base composition, the
gamma distribution of among-site rate variation (g and the
proportion of invariant sites (I) all estimated from the data
(all parameters are available from the authors on request).
To assess the robustness of particular groupings on the
phylogenetic tree, a bootstrap resampling analysis was
undertaken using 1000 replicate neighbor-joining (NJ) trees
estimated under the ML substitution matrix described
above. All phylogenetic analysis were performed using the
PAUP* package (Swofford, 2003).
To measure selection pressures in the E gene of DENV-1,
the maximum likelihood method in the PAML sequence
analysis package (program CODEML; Yang, 1997; Yang et
al., 2000) was employed. Due to computational constraints,this analysis was conducted on a sample of 80 sequences
representing the full phylogenetic diversity of DENV-1. Our
analysis required the comparison of four models of codon
evolution which differ in how dN and dS vary among codons
or lineages. To analyze selection pressures at specific codon
sites, we compared the M7 and M8 models; the former
specifies that individual codons can take one of 10
categories of dN/dS, all estimated from the data but where
no category has dN/dS N1.0 so that the model only specifies
neutral evolution, while M8 allows positive selection by
including an extra category of codons at which dN/dS can
exceed 1.0. Significant evidence for positive selection is
obtained if M8 significantly rejects M7 under a likelihood
ratio test and at least one category of codon sites in M8 has a
dN/dS ratio N1. To analyze selection pressures along each
lineage of the DENV-4 phylogeny, we compared M0, in
which each lineage has the same dN/dS ratio, with FR (the
bfree ratioQ model) in which lineages are allowed to take on
individual values of dN/dS. For M0 and FR, dN/dS is
estimated from the data and their support is again assessed
using a likelihood ratio test.Acknowledgments
This study was supported by the Lee Foundation, the
Wellcome Trust and the World Health Organisation. We also
wish to acknowledge scientific support from the following—
the Virology Isolation Laboratory, Department of Pathology,
Singapore Genera Hospital; Dr Sazaly AbuBakar, Depart-
ment of Medical Microbiology, University of Malaya; Dr.
Ananda Nisalak and the technicians at the Department of
Virology, Armed Forces Research Institute of Medical
Sciences, Bangkok, Thailand; Ms Surapee Anatapreecha,
National Institute of Health, Department of Medical Science,
Bangkok, Thailand and Lt. M Reid, Australian ArmyMalaria
Institute, Brisbane, Australia.References
Bennett, S.N., Holmes, E.C., Chirivella, M., Rodriguez, D.M., Beltran, M.,
Vorndam, V., Gubler, D., McMillan, W.O., 2003. Selection-driven
evolution of emergent dengue virus. Mol. Biol. Evol. 20, 1650–1658.
A. A-Nuegoonpipat et al. / Virology 329 (2004) 505–512512Cahour, A., Pletnev, A., Vazeille-Falcoz, M., Rosen, L., Lai, C.-J., 1995.
Growth-restricted dengue virus mutants containing deletions in the 5V
noncoding region of the RNA genome. Virology 207, 68–76.
Craig, S., Thu, H.M., Lowry, K., Xiao–fang,W., Holmes, E.C., Aaskov, J.G.,
2003. Diverse dengue type 2 virus populations contain recombinant and
both parental viruses in a single mosquito. J. Virol. 77, 4463–4467.
Domingo, E., Holland, J.J., 1997. RNA virus mutations for fitness and
survival. Annu. Rev. Microbiol. 51, 151–178.
Durbin, A.P., Karron, R.A., Sun, W., Vaughn, D.W., Reynolds, M.J.,
Perreau, J.R., Thumar, B., Men, R., Lai, C.-J., Elkins, W.R., Chanock,
R.M., Murphy, B., 2001. Attenuation and immunogenicity in humans
of a live dengue virus type-4 vaccine candidate with a 30 nucleotide
deletion in the 3V-untranslated region. Am. J. Trop. Med. Hyg. 65,
405–413.
Garcia-Franco, F., Munoz, M. de L., Lozano-Fuentes, S., Fernandez-Salas,
I., Garcia-Rejon, J., Beaty, B.J., Black, W.C., 2002. Large genetic
distances among Aedes aegypti populations along the south Pacific
coast of Mexico. Am. J. Trop. Med. Hyg. 66, 594–598.
Gubler, D.J., Meltzer, M., 1999. Impact of dengue/dengue haemorrhagic
fever on the developing world. Adv. Virus Res. 53, 35–70.
Holmes, E.C., Twiddy, S.S., 2003. The origin, emergence and evolutionary
genetics of dengue virus. Infect. Genet. Evol. 3, 19–28.
Hotta, S., 1951. Isolation and identification of the etiologic virus of dengue.
Virus 1, 187–197.
Ishak, H., Takegami, T., Kamimura, K., Funada, H., 2001. Comparative
sequences of two type 1 dengue virus strains possessing different
growth characteristics in vitro. Microbiol. Immunol. 45, 327–331.
Kiedrzynski, T., Souares, Y., Stewart, T., 1998. Dengue in the Pacific: an
updated story. Pac. Health Dialog 5, 129–136.
Lepers, C., 2003. Dengue update—17 January 2003. Inform Action.
Messer, W.B., Gubler, D.J., Harris, E., Sivananthan, K., de Silva, A.M.,
2003. Emergence and global spread of a dengue serotype 3, subtype III
virus. Emerg. Infect. Dis. 9, 800–809.
Reynes, J.M., Laurent, A., Deubel, V., Telliam, E., Moreau, J.P., 1994. The
first epidemic of dengue haemorrhagic fever in French Guiana. Am. J.
Trop.Med. Hyg. 51, 545–553.
Rico-Hesse, R., Harrison, L.M., Salas, R.A., Tovar, D., Nisalak, A., Ramos,
C., Boshell, J., de Mesa, M.T.R., Nogueira, R.M.R., da Rosa, A.T.,
1997. Origins of dengue type 2 viruses associated with increased
pathogenicity in the Americas. Virology 230, 244–251.
Rodhain, F., Rosen, L., 1997. Mosquito vectors and dengue virus–vector
relationships. In: Gubler, D.J., Kuno, G. (Eds.), Dengue and dengue
haemorrhagic fever. CAB International, New York, pp. 45–60.Sabin, A.B., 1952. Research on dengue during World War II. Am. J. Trop.
Med. Hyg. 1, 30–50.
Shimodaira, H., Hasegawa, M., 1999. Multiple comparisons of log-
likelihoods with applications to phylogenetic inference. Mol. Biol.
Evol. 16, 1114–1116.
Sittisombut, N., Sistayanarain, A., Cardosa, M.J., Salminen, M., Dam-
rongdachakul, S., Kalayanarooj, S., Rojanasuphot, S., Supawade, J.,
Maneekarn, N., 1997. Possible occurrence of a genetic bottleneck in
dengue serotype 2 viruses between 1980 and 1987 epidemic seasons in
Bangkok, Thailand. Am. J. Trop. Med. Hyg. 57, 100–108.
Steinhauer, D.A., Domingo, E., Holland, J.J., 1992. Lack of evidence for
proofreading mechanisms associated with an RNA polymerase. Gene
122, 188–281.
Swofford, D.L., 2003. PAUP*. Phylogenetic Analysis Using Parsimony
(*and other methods). Sinauer Associates, Sunderland, MA. Version 4.
Thein, S., Aung, M.M., Shwe, T.N., Aye, M., Zaw, A., Aye, K., Aye, K.M.,
Aaskov, J.G., 1997. Risk factors in dengue shock syndrome. Am. J.
Trop. Med. Hyg. 56, 566–572.
Thu, H.M., Lowry, K., Myint, T.T., Shwe, T.N., Han, A.M., Khin, K.K.,
Thant, K.Z., Thein, S., Aaskov, J., 2004. Myanmar dengue outbreak
associated with displacement of serotypes 2,3 and 4 by dengue 1.
Emerg. Infect. Dis. 10, 593–597.
Twiddy, S.S., Woelk, C.H., Holmes, E.C., 2002. Phylogenetic evidence for
adaptive evolution of dengue viruses in nature. J. Gen. Virol. 83,
1679–1689.
Uzcategui, N.Y., Comach, G., Camacho, D., Salcedo, M., Cabello de
Quintana, M., Jimenez, M., Sierra, G., Cuello de Uzcategui, R., James,
W.S., Turner, S., Holmes, E.C., Gould, E.A., 2003. The molecular
epidemiology of dengue virus type 3 in Venezuela. J. Gen. Virol. 84,
1569–1575.
Wittke, V., Robb, T.E., Thu, H.M., Nimmannitya, S., Kalayanrooj, S.,
Vaughn, D.W., Endy, T.P., Holmes, E.C., Aaskov, J.G., 2002. Extinction
and rapid emergence of strains of dengue 3 virus during an
interepidemic period. Virology 301, 148–156.
World Health Organisation, 1997. Dengue haemorrhagic fever. Diagnosis,
Treatment, Prevention and Control, (2nd ed.). World Health Organ-
isation, Geneva.
Yang, Z., 1997. PAML: a program package for phylogenetic
analysis by maximum likelihood. CABIOS, Comput. Appl. Biosci.
13, 555–556.
Yang, Z., Nielsen, R., Goldman, N., Pedersen, A.M.K., 2000. Codon-
substitution models for heterogeneous selection pressure at amino acid
sites. Genetics 155, 431–449.
